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(67)  The presentrelates to device for ultra-high dose
rate radiation treatment to a patient, comprising :
- a radiation source for providing a radiation beam, and
- alinear accelerator for accelerating said radiation beam
until a predetermined energy, and
- a beam delivery module for delivery the accelerated
radiation beam,

The device is arranged for generating an accelerated
radiation beam having a predetermined energy between

about 30 MeV and about 250 MeV, to deliver rate radia-
tion dose of at least up to about 25 Gy, during an overall
time less than about 100 ms in order to generate a radi-
ation field for treating a target volume of at least about
30 cm3, with said ultra-high dose rate radiation dose
and/or a target volume located at least about 5 cm deep
in the tissue of the patient with said ultra-high dose rate
radiation dose .
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Description
Technical Field

[0001] The presentinvention relates to a device for ul-
tra-high dose rate radiation treatment.

Background of the art

[0002] Cancerisadominantworldwide cause of death,
mainly treated by surgery, radiotherapy (RT) and chem-
otherapy. There is a rapid increase of its incidence but
only a slow improvement in curability, despite recent
progress notably in immunotherapy, robotics surgery,
and the introduction of new molecular targeted drugs.
[0003] Since the pioneered work of Roentgen and
Marie Curie in the early 20t century, radiotherapy re-
mains an essential tool for treating cancer. Although re-
cent development in radiotherapy allowed these treat-
ments to be more precise and more effective, the remain-
ing side effects are still a problem that limits its use, for
instance damages to healthy tissue.

[0004] Delivering high curative radiation doses to tu-
mors depends on the ability to spare normal tissues from
harmful effects of radiation. Over the last century, both
fractionation and precise volume optimization appeared
as the most powerful tools to obtain a differential effect
between normal tissues and tumors thereby minimizing
the side effects.

[0005] An alternative and complementary emerging
solution to limit radiation-induced damage on normal tis-
sue is to reduce the irradiation time in so-called FLASH
Radiotherapy (RT) or FLASH Therapy. A conventional
radiotherapy treatment generally aims at administering
a total dose of 20 to 70 Gy to each tumor, typically in
doses of 2 Gy per fraction, each fraction being adminis-
tered over several minutes. During the past few years, a
number of experiments have been carried out which
demonstrate that RT with ultra-shortirradiation times (be-
low 100 ms) can significantly reduce the side effects.
Notably, it has been shown that when radiation is deliv-
ered in a few ultra-intense pulses with very high dose
and ultra-high dose rate in the pulse (typically a dose per
pulse above 1.5 Gy and mean dose rate above 108 Gy
within pulse), healthy tissue are spared while tumor tis-
sue response remains unchanged, resulting in a more
effective treatment.

[0006] The document "Treatment of the first patient
with FLASH RT" from J. Bourhis et al, Radiotherapy and
Oncology, 2019, Radiother Oncol., 2019, Jul 11,
S0167-8140(19)32959-7 relates pioneered clinical use
of FLASH RT treatment. This document discloses the
use of existing RT apparatus to treat a superficial skin
tumor with 5.6 MeV electrons to give a dose of 15 Gy in
10 pulses each of 1 psecond for an overall irradiation
time of 90 ms, corresponding to an average dose rate of
150 Gy / sec. Compared to the skin reaction after expo-
sure to conventional RT using 20-21 Gy fractionated ir-
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radiation, the FLASH RT reactions associated with the
administration of 15 Gy in 90 ms were minimal. This ex-
perience showed the technical feasibility and clinical
safety of delivering a high single dose to a patient instead
of an equivalent conventional dose fractioned over sev-
eral minutes irradiation.

[0007] A first key aspect of FLASH RT stands with the
dose rate of the radiation beam: a high radiation dose,
thatis generally fractionated and given in several minutes
in conventional RT must be given in a very limited fraction
of a second in FLASH RT, typically in the range of milli-
seconds. A second key aspect of FLASH RT is that an
effective sparing of healthy tissues in large fields irradi-
ation (above or equal to 10 cm) requires shorter delivery
times, compared the one described untilnow and needed
for obtaining FLASH sparing of healthy tissues in small
irradiation fields (in the range of few cm).

[0008] It is known that electrons lose approximately 2
MeV/cm in water so a radiation beam of around 6 MeV
can only be used for treating skin tumor or other super-
ficial tumor. For this reason electrons beam are generally
not used for treating tumors situated deep in the body.
The treatment of deep seated tumors with FLASH elec-
trons would require a much higher energy electrons
beam, for instance in the range of 30 to 250 MeV or high-
er.

[0009] A furtherissue occurs when it comes to treating
large volume of tumors with RT or FLASH RT. The ex-
isting RT instruments are not capable of treating large
volumes with FLASH RT since the generated radiation
beam do not have the required characteristics to deliver
the required dose in FLASH conditions.

[0010] Overall, when it comes to treating deep seating
tumor and/or large tumor with FLASH RT, the existing
technologies do not provide satisfying solutions notably
because they are not suitable for generating -ultra high
dose rate electron beam with the required energy to treat
large and/or deep seated tumor.

Summary of the invention

[0011] The above problems are solved by the device
and the method according to present invention.

[0012] The invention concerns a device for ultra-high
dose rate radiation treatment to a patient, the device
comprising :

- a radiation source for providing a radiation beam,
and

- a linear accelerator for accelerating said radiation
beam until a predetermined energy, and

- abeam delivery module for delivering the accelerat-
ed radiation beam from said linear accelerator to-
ward the patient to treat a target volume with a radi-
ation dose,
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characterized in that the device is arranged for generat-
ing an accelerated radiation beam having a predeter-
mined energy between about 30 MeV and about 250
MeV, preferably between about 50 MeV and about 250
MeV, more preferably between about 120 MeV and about
150 MeV, to deliver an ultra-high dose rate radiation dose
of at least up to about 25 Gy, preferably at least up to
about 35 Gy, more preferably at least up to about 40 Gy,
during an overall time less than about 100 ms, preferably
less than about 10 ms, more preferably less than about
1 ms,

so that the device is arranged for generating a radiation
field for treating a target volume of at least about 30 cm3,
preferably between about 30 cm3 and about 1000 cm3
with said ultra-high dose rate radiation dose and/or a tar-
get volume located at least about 5 cm deep in the tissue
of the patient, preferably between about 5 cm and about
25 cm, with said ultra-high dose rate radiation dose.
[0013] In the present invention, the device allows to
generate an accelerated radiation beam of at least about
30 MeV, preferably between about 50 MeV and about
250 MeV, more preferably between about 120 MeV and
about 150 MeV. With this remarkably high energy and
total charge of the generated accelerated beam, a radi-
ation dose of at least up to about 25 Gy can be delivered
in an overall time of milli-second range.

[0014] When it comes to generate large radiation field
in FLASH condition (ultra-high dose rate) for example for
a target volume of at least about 30 cm3, preferably be-
tween about 30 cm3 and about 1000 cm3, more prefer-
ably between about 30 cm3 and at least about 1000 cm3,
the existing instruments are not capable of delivering the
required dose in FLASH condition, notably because the
accelerated beam is not powerful enough to provide the
required dose to the whole target volume in an overall
time of milli-second range duration. This is also true when
the target volume is located at least about 5 cm deep in
the tissue of the patient, the existing device fail to provide
ultra-high dose rate radiation (i.e. FLASH).

[0015] The energy of an electron beam determines the
depth of penetration into water or tissue. If one consid-
ered the existing FLASH therapy using a 6 MeV radiation
beam, there is 85% of the dose at 2 cm. Beyond 2 cm,
the attenuation of the beam is very strong, so thata target
volume cannot be treated in FLASH conditions anymore.
In other words, the level of energy of the radiation beam
depends on how deep in tissue is located the target vol-
ume. That is why, the existing devices can only be used
to treat superficial target volume in FLASH conditions.
[0016] In the present invention, the accelerated high
energy beam is suitable for delivering the required dose
to the whole target volume whether to a large target vol-
ume, or a deep seated target volume. For example, with
a 30 MeV radiation beam, we find 85% of the dose at
about 10cm depth. As a result, very energetic beams of
this type are equivalent to high energy megavoltage X-
ray in terms of penetration capacity. Increasing the en-
ergy of the radiation beam allows to adjust the penetration
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depth. There is a need to have a radiation beam of at
least 30 MeV to target large target volume or deep seated
target volume. A radiation beam comprised between 50
MeV and 150 MeV generally gives the necessary depth
for any patient, although there is no energy upper limit.
Irradiating in FLASH conditions at these energies has
never been achieved in patients and even more for large
fields (diameter above 10 cm).

[0017] Advantageously, the present invention pro-
vides remarkably less side effects in healthy tissue com-
pared to conventional RT, while maintaining intact the
effect on tumors.

[0018] With the presentinvention, due to the very short
treatment times and to the possibility to control or tune
the accelerated beam delivery thanks to the beam deliv-
ery means (forinstance bend electrons beams with mag-
nets), itis possible to switch the accelerated beam easily
from one room/one patient to another. The present in-
vention is a cost effective apparatus since a single ac-
celeration beam line can serve a large number and pos-
sibly unlimited treatment rooms. It can delivered the re-
quired dose to a great number of patient successively.
[0019] In the present invention, there is a major in-
creased efficacy on multi-resistant tumors due to the ca-
pacity to deliver more biological equivalent dose (BED)
to large tumors compared to conventional RT. As an ex-
ample, the characteristics of the present invention which
allow a FLASH sparing effect on healthy tissue of about
33% of the prescribed dose were integrated in a treat-
ment planning system and compared to conventional RT.
This translated in the possibility to deliver safely to a pa-
tient a single FLASH dose of 28 Gy whereas the same
patient and the same tumor have been treated with pal-
liative conventional radiotherapy of 46 Gy in 23 fractions.
The biological equivalent dose (BED) for the tumor of this
28 Gy single dose irradiation is above 100 Gy which is
known as being highly curative, especially compared to
the conventional 46 Gy which was really given.

[0020] Advantageously, the present invention offers
the possibility to treat a patient with the required curative
dose with an overall number of radiotherapy fractions
markedly reduced compared to conventional RT. For in-
stance, a total dose of 28 Gy can be administered in one
single FLASH fraction, whereas with conventional RT, it
would require multiple fractions (typically about 12 or 14
fractions). In conventional RT, there is need to monitor
tumor motion during radiotherapy to reduce the margin
around the tumors and limit the volume of healthy tissues
exposed to high dose radiation. In the present invention,
the ultra-fast delivery of the dose in the range of millisec-
onds makes the motion management of tumor during ir-
radiation irrelevant. It also allows higher conformality for
the beams delivery and hence a more effective sparing
of healthy tissues.

[0021] In particular, the accelerated beam (i.e. radia-
tion beam) is a very high energy electron (VHEE) beam
with a charge of at least about 1000nC, preferably at least
about 1500 nC. Advantageously, the dose is directly pro-
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portional to the charge. In the present invention, the de-
vice is configured to provide a high charge of at least
1000 nC and thus a high dose.

[0022] The device according to the present invention
can comprise two complementary means to achieve high
conformality of the dose distribution :

- 1)several beams lines (preferably two or three such
that FLASH conditions are preserved) converging
simultaneously from different angles and/or different
angles used from one fraction to another;

- 2) shaping each beam line individually.

[0023] This allows to keep high conformality while add-
ing FLASH characteristics on top of it.

[0024] In an embodiment, the linear accelerator is ar-
ranged for generating a single accelerated beam com-
prising multiple trains of particles bunches, preferably two
or three trains of particles bunches, the beam delivery
module comprises separating means for separating the
single accelerated radiation beam in a plurality of accel-
erated beam lines separated by a determined angle, and
subsequently focusing each of said beam lines toward
the patient to arrive simultaneously on the target volume,
each beam line corresponding to a train of particles
bunches.

[0025] Advantageously, in this embodiment the linear
accelerator is arranged for accelerating and transporting
various part of the beam at discrete energies. In conven-
tional therapy the patient is radiated from many angles
to achieve the required conformality. This is done by ro-
tating the radiation source around the patient. In FLASH
conditions, i.e. duration of maximum a few ms, there is
not enough time to move large objects. Instead in the
present embodiment, we come from for instance two to
three trajectories within the FLASH time scale to achieve
the required conformality. For example in the overall
treatment time in the range of ms, the first half of the
accelerated beam comes from one direction then the sec-
ond half from another. In the present invention, instead
of moving objects we can propagate the beam through
differentbeam lines by accelerating the beam to different
energies. The energies differ for instance by a minimum
ofabout 10% which is enough to separate themin a dipole
magnet. The overall energy is preferably chosen by clin-
ical considerations.

[0026] Advantageously, the accelerated radiation
beam can be split in several beam lines. The accelerated
beam radiation can arrive to the patient from one or sev-
eral directions simultaneously (in the range of a few ms)
in a single treatment. The advantage of splitting the beam
is to achieve high conformality for delivering the dose to
the tumor.

[0027] In a preferred embodiment, the inventors dis-
covered that three (3) and preferably two (2) simultane-
ous beams converging in the target volume provide very
satisfying results to achieve both high conformality on
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the tumor together with an optimal FLASH sparing of
healthy tissues all along the track (i.e. trajectory) of each
individual beam (the sparing of healthy tissues by FLASH
better operates at high dose i.e. superior to 10 Gy per
beam), for instance for delivering a total dose of 20 Gy.
[0028] FLASH effectis neededto spare healthytissues
in large volumes. FLASH can essentially be observed at
high dose per fraction, which means that in order to
achieve effective sparing of normal tissues along each
beam, it is important to have only very few beams con-
verging in the tumor. For instance 20 Gy given in two
beams should maintain the FLASH sparing effect all
along the tracks of each beam if only 2 beams are used
(10 Gy each) or if 3 beams are used (7 Gy each) but if
more beams are used then FLASH sparing effect along
the tracks of each beam should disappear (below 7 Gy
it should disappear). Advantageously, when there is two
or three beams, the device combines the possibility to
get optimal FLASH sparing effect along with very good
dose distribution conformality. Both high conformality
and FLASH will then contribute to effective sparing of
normal tissues, whereas in the existing device, only high
conformality can be used.

[0029] In particular, if more than one, for instance two
fractions are used, the beam arrangement in terms of
ballistics could be different from one fraction to another
for instance simply by moving the patient coach by 90°.
Then conformality can be increased.

[0030] Inanembodiment, each train has energy which
differs by a minimum of about 10 %, and/or each beam
line having an energy of at least about 30 MeV.

[0031] In one embodiment, the separating means are
chosen among the list comprising energy-based sepa-
rating means by using magnetic spectrometer, radio fre-
quency deflector based means.

[0032] Inone embodiment, a radio frequency deflector
is used to separate the accelerated beam in beam lines
along different trajectories. In this embodiment a single
energy beam can be separated in a several beam lines.
[0033] In one embodiment, each train of particles
bunches has energy which differs by a minimum of ap-
proximately 10 % and the separation of trajectories in the
beam delivery system is made using a magnetic spec-
trometer.

[0034] To separate by energy using magnetic spec-
trometer, the linear accelerator accelerates and trans-
ports the beam to the beam delivery system with two or
more energies. These energies differ preferably by a min-
imum of approximately 10%. For instance, this is be done
from one train of particles bunches to another train of
particles bunches (for instance there are approximately
10 trains of particles bunches per treatment) by varying
input radio frequency power level. Alternatively, it can be
done within a radio frequency pulse by varying the radio
frequency phase on which the bunch sits. The different
energy beams are deflected by different angles in the
first dipole as in a magnetic spectrometer. The beams
then follow distinct paths to converge simultaneously (in
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the range of few ms) on the target volume.

[0035] A higher energy beam is bent relatively less
than a lower energy beam in a dipole magnet. All the
trains of particles bunches come out the linear acceler-
ator along the same line but are bent by different angles
in the first dipole. By giving some length they travel on
trajectories away from each other. At a sufficient distance
they can be bent back towards the patient converging on
the tumor.

[0036] Advantageously, energy-based separating
means by using magnetic spectrometer is a preferred
solution, for instance because it is a cheaper than radio
frequency deflector based means.

[0037] A beam delivery module with radio frequency
deflector(s) uses radio frequency fields to deflect the
beam instead of a static magnetic field. It is pulsed in the
same way as the linear accelerator so each train can be
deflected separately.

[0038] In particular, after separationin the main dipole,
the accelerated radiation travels along distinct beam
lines. After bending the radiation back to the patient,
these beam lines converge on the tumor separated by
angles, typically from 30 to 90 degrees, more preferably
between 30° and 60°, in particular 30° and 60°. Prefer-
ably, the bending element of each beam line directs a
beam line toward the patient along a determined angle.
The full optimization of the number and of the angles of
beams is chosen in conjunction with clinical dose distri-
bution considerations.

[0039] Itis known that in RT and particle therapy, it is
advantageous to provide the dose from different direc-
tions to the target volume in order to achieve optimal
conformality of the dose distribution. In conventional RT
instrument, a moving linear collimator is used to optimize
the dose provided to the target volume. However, a me-
chanical movement is not possible in the FLASH times
scales (milli-second range). In an embodiment, the so-
lution of the present invention is to provide distinct beam
lines, preferably 2 or 3, that will converge exactly at the
same place in the target volume and at the exact same
time, i.e. in the range of a few milli seconds. This allows
to spare the healthy tissues both through high conformal-
ity for beam delivery and through a FLASH effect.
[0040] The number of paths, i.e. beam lines, is prefer-
ably two or three since with more paths/beam lines, the
FLASH effect that operates essentially at high dose per
fraction would be significantly reduced or totally sup-
pressed.

[0041] Advantageously, the present invention can
have two means which are both complementary to
achieve optimal conformality of the dose distribution; the
first is controlling the shape of each accelerated beam
line and the second is splitting the initial beam into several
beam lines that are simultaneously converging in the tu-
mor. Overall the presentinvention has the unique capac-
ity of providing highly conformal radiation delivery along
with optimal parameters needed for treating large tumors
in FLASH mode.

10

15

20

25

30

35

40

45

50

55

[0042] In one embodiment, the device comprises
beam shaping means for controlling the conformal irra-
diation of the beam arriving on the target volume, for in-
stance shaping means in the delivery system, preferably
after the linear accelerator. For instance, the beam shap-
ing means comprise focusing means providing a control
of the traverse size of the accelerated beam or acceler-
ated beam line(s) to achieve optimal shaping of the beam
and optimal treatment conformality for target volumes
with complex shapes.

[0043] Itis possible to have multiple means to control
the transverse beam profile. For instance, each main el-
ement of the device can have beam collimation, i.e. beam
in the radiation source (i.e. injector), in the linear accel-
erator (i.e. linac) and in the beam delivery system. Col-
limation in the radiation source and linear accelerator will
give the same shape, typically circle, to the differentbeam
lines while collimation in the beam delivery system gives
independent shapes to the different lines. The final fo-
cusing quadrupoles in the beam delivery system can also
be used to adjust focal shape, for instance from circles
to ellipses. Preferably the most important collimation
should be the one at the end of the linear accelerator,
and it is possible to have a device with only this collima-
tion.

[0044] Inanembodiment, said radiation dose compris-
es radiation pulses of accelerated radiation beam, each
radiation pulse comprising at least one particles bunch,
the device being arranged for delivering the ultra-high-
dose rate radiation dose with at least about 2 Gy per
radiation pulse, preferably at least about 5 Gy per radi-
ation pulse, more preferably at least about 10 Gy per
radiation pulse, with a dose rate in the radiation pulse of
at least about 106 Gy/sec, preferably at least about 107
Gy/sec and preferably with a total number of radiation
pulses below 10, more preferably below 3. Thus, the de-
vice is arranged for delivering in FLASH conditions need-
ed for obtaining a FLASH effect even in large field irra-
diation (above or equal to 10 cm), and overall treatment
time for a dose of 25 Gy in the range of few milliseconds
(below 50 ms and preferably below 10 ms) and a total
number of radiation pulses below 10 and preferably be-
low 3.

[0045] In an embodiment, the device is arranged for
delivering the dose with a homogeneity (in other word
uniformity) of target volume coverage of at least about
85 %. Advantageously, homogeneity could be achieved
by a combination of the radiation source design (for in-
stance specifically the shape of the laser spot profile in
the injector) linear accelerator design (for instance the
focusing lattice and control of wakefields) and the deliv-
ery module (for instance expanding the beam and colli-
mation at the end of the linear accelerator). For instance,
collimation is passing the beam through an aperture cut-
ting off the outer parts and giving a well defined shape
to the beam.

[0046] In one embodiment, the radiation source is an
electron source. Thus, the dose is delivered to the patient
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in the form of electrons.

[0047] Preferably, the radiation source is a high current
electron source.

[0048] In one embodiment, the radiation source is an
electron source, the device further comprising a conver-
sion module for converting the electron beam into a pho-
ton beam. Thus, the dose is delivered to the patient in
the form of photons.

[0049] In one embodiment, the radiation source is a
proton source. Thus, the dose is delivered to the patient
in the form of proton.

[0050] In an embodiment, the radiation source (2) is
arranged for delivering the radiation dose in sequence
of train of particles bunches with a capability of up to ten
trains of particles bunches of 250 nC each in said overall
time.

[0051] Inone embodiment, the radiation source is cho-
sen among a list comprising a radio-frequency laser-driv-
en injector (named rf gun), a thermionic injector.

[0052] The rf gun consists of a radio frequency cavity
system (S, C or X-band) and a short-pulse (1-2 ps) laser
system. The laser strikes the cathode of the cavity system
and emits the electron bunches of approximately 1 nC.
The beam is accelerated for instance up to about 5 MeV.
[0053] A thermionic injector is based on a continuous
electron beam generated by a heated cathode, through
thermionic emission. The beam is bunched and acceler-
ated by a radio frequency cavity system up to about 5
MeV for instance.

[0054] The linear accelerator aims at accelerating the
beam coming from the radiation source to the final energy
of at least about 30MeV.

[0055] In one embodiment, the device is arranged for
carry out scanning of the target volume. During scanning,
successive regions are irradiated, each under FLASH
conditions. Between successive FLASH irradiations, the
target region is moved by resetting the trajectories of the
beam in the beam delivery system. A volume is thus cov-
ered by a series of independent FLASH voxels during
the same fraction.

[0056] In an embodiment, the linear accelerator com-
prises radio frequency accelerating structures capable
of accelerating the radiation beam (i.e. the required total
charge) in the required overall time.

[0057] In an embodiment, the linear accelerator is ar-
ranged for accelerating one to at least ten trains of par-
ticles bunches, each train approximately 250 ns long and
each containing 250 particles bunches of 1 nC each, with-
in 10 ms, thus fulfilling FLASH conditions. Preferably, the
linear accelerator is arranged for operating in burst mode
in a frequency up to about 1000 Hz and preferably be-
tween about 100 and 1000 Hz.

[0058] Inone embodiment, the linear accelerator is ar-
ranged to accelerate the beam with an accelerating gra-
dient with beam in excess of at least about 35 MeV/m.
[0059] In an embodiment, the linear accelerator is op-
erating on a frequency chosen from the list comprising
X-band, C-band or S-band, preferably, X-band.
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[0060] In an embodiment, the linear accelerator is a
linac based on multi-GHz radio frequency systems.
[0061] Preferably, the linear accelerator is a high cur-
rentlinear accelerator, forinstance a high current X-band
linac. For instance, the total charge needed for a treat-
ment of 2500 nC before collimation, is made in ten trains
of particles bunches of 250 nC/ train of particles bunches.
A train of bunches is 250 ns long so the currentis 1 A.
[0062] Inanembodiment,the device comprises means
for stabilizing the beam to achieve a maximum variation
of the radiation dose of about +/- 2% over one month.
For instance, the beam will be stabilized through a feed-
back. Just before delivering to the patient the beam will
travel on a straight ahead trajectory by turning the main
dipole off (if the delivery module comprises energy-based
separating means by using magnetic spectrometer). A
sequence of radiation pulses (train of particles bunches)
will be captured by diagnostics and machine parameters
and adjusted to bring the charge to the required values.
Once completed the beam will be directed towards the
patient. There will also be a feedback during treatment
by monitoring dose over each radiation pulse (train of
particles bunches) and correcting deviations on subse-
quent radiation pulses (trains of particles bunches).
[0063] In one embodiment, the device is arranged for
providing a dose uniformity within the target volume of
at least of at least about 80%, preferably at least about
85 %, at least about 15 cm deep in the tissue, preferably
about 20 cm. The main advantage is to have less intra-
tumor variations of the dose.

[0064] In one embodiment, the dose is delivered in 3
to 10 radiation pulses. Advantageously, the number of
pulses should be as low as possible, ideally one to three.
The number of radiation pulses depends on the amount
of charge per (radio frequency) pulse, and said amount
of charge is mainly limited by the capabilities of the radi-
ation source. It also depends on stability of transport of
the beam through the linear accelerator to preferably
about 1 A. Finally, it is also related to the cost of the
installed linear accelerator powering system.

[0065] In one embodiment, the device comprises at
least two beam delivery modules, each delivery module
being arranged for treating one patient. In this embodi-
ment, multiple treatment rooms can be supplied by a sin-
gle electrons source and a single linear accelerator. It is
known that the bulk of the equipment cost is in the system
through to the end of the linear accelerator, i.e. from the
radiation source until the linear accelerator included.
Adding more modules delivery is highly cost effective.
Also since the treatment time is much shorter than the
patient setup time, multiple delivery modules the through-
put of the facility goes up directly proportional to the
number of delivery modules.

[0066] The presentinvention further relates to a meth-
od for treating a tumor target volume of a patient with
ultra-high dose rate radiation, the method comprising:

- Providing a device according to the invention;
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- Setting the device so as to generate an accelerated
radiation beam having a predetermined energy be-
tween about 30 MeV and about 250 MeV, preferably
between about 50 MeV and about 250 MeV, more
preferably between about 120 MeV and about 150
MeV, to deliver an ultra-high dose rate radiation dose
of at least up to about 25 Gy, preferably at least up
to about 35 Gy, more preferably at least up to about
40 Gy, during an overall time less than about 100
ms, preferably less than about 10 ms, more prefer-
ably less than about 1 ms;

- Delivering the radiation dose to a target volume of
at least about 30 cm3, preferably between about 30
cm3 and about 1000 cm?3 and/or a target volume lo-
cated at least about 5 cm deep in the tissue of the
patient, preferably between about 5 cm and about
25 cm.

[0067] The particular advantages of the method are
similar to the ones of the device of the invention described
herein and will thus not be repeated here.

[0068] In an embodiment, the treatment comprises

- Delivering the radiation dose to a target volume lo-
cated at least about 10 cm deep in the tissue of the
patient and/or target volume having a diameter of at
least about 10 cm.

[0069] In one embodiment, the treatment comprises
administering the dose in radiation pulses of accelerated
radiation beam, said dose having at least about 2 Gy per
radiation pulse, preferably at least about 5 Gy per radi-
ation pulse, more preferably at least about 10 Gy per
radiation pulse, with a dose rate in the radiation pulse of
at least about 108 Gy/sec, and preferably a total number
of radiation pulses below 10, more preferably below 3.
In other words, the treatment comprises administering
the dose in conditions needed for obtaining a FLASH
effect in large field irradiation (diameter above or equal
to 10 cm) i.e. a dose in the radiation pulse of at least 2
Gy and preferably more, dose rate in the pulse of 106
Gy/sec and preferable more, an overall treatment time
foradose of 25 Gy in the range of few milliseconds (below
50 ms and preferably below 10 ms) and a total number
of radiation pulses below 10 and preferably below 3.
[0070] The dose can be delivered in any number of
radiation pulses. Preferably the number of radiation pulse
is below 20. In one embodiment, the treatment comprises
administering the dose delivered in 1 to 10 radiation puls-
es,e.g. 1,2, 3,4,5,6,7, 8,9 or 10 radiation pulses.
[0071] In one embodiment, the treatment comprises
administering the total dose in one fraction.

[0072] In other embodiment, the treatment comprises
administering the dose divided in several fractions, for
instance 2 or 3 fractions. Preferably, the number of frac-
tions is less than 3, which is appropriate to obtain a
FLASH effect.
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[0073] In the present invention, a large target volume
means atarget volume having atleasta diameter of about
5 cm (equal or superior), diameter meaning one dimen-
sion across the entire the target volume if the target vol-
ume is not spherical. The target volume can be of any
size or shape. For instance, the diameter is comprised
between about 5 cm and about 30 cm, preferably be-
tween about 5 cm and about 20 cm.

[0074] In the present invention, a deep seated target
volume means a target volume located at least about 5
cm deep in the tissue, preferably between about 5 cm
and 30 cm deep in the tissue, preferably between about
5 cm and about 25 cm and preferably between 10 cm
and 20 cm.

[0075] Inthe presentinvention, ultra-high dose rate ra-
diation means FLASH radiotherapy or FLASH Therapy.
FLASH radiotherapy can be defined as a radiotherapy
treatment where a sparing of healthy tissue is obtained
at least equivalent to about 33% less dose as compared
to conventional RT dose, while preserving intact the ef-
fect on tumors

[0076] As used herein, the term "treating" or "treat-
ment" refers to administering a treatment to a tumor or
the subject diagnosed with a tumor. The treatment can
be administered in an amount or therapeutic dose that
is sufficient or effective to kill tumor cells (i.e., a thera-
peutically effective amount), slow the growth of the tumor,
reduce the size of the tumor, or eliminate the tumor from
the subject entirely. The term also includes selecting a
treatment or treatment plan, and providing treatment op-
tions to a healthcare provider or the subject.

[0077] In some embodiments, the method for treating
a tumor target volume of a patient with ultra-high dose
rate radiation, as described herein, further comprises ad-
ministrating one or more additional therapy selected from
the group comprising a therapeutic agent (such as chem-
otherapy, radioprotectors or radiosensitizers), an im-
mune modulator agent (such as e.g. immune checkpoint
inhibitor molecule, an immune checkpoint activator mol-
ecule, a chemokine inhibitor, an inhibitor of macrophage
migration inhibitory factor (MIF), a growth factor, a cy-
tokine, an interleukin, an interferon, an antibody that
binds to an immune system cell, such as a bispecific an-
tibody that binds to T-cells and a tumor antigen, a cellular
immune modulator such as a CAR-T cell, a vaccine, an
oncolytic virus, and any combination thereof), a senolytic
agent, a radiosensitizer, a nanoparticle or combinations
thereof. The additional therapy can be administered con-
comitantly, or as an adjuvant, or in a neo-adjuvant pro-
cedure.

[0078] As used herein, the term "about" applies to nu-
meric values or ranges of numeric values and refers to
arange of numbers that one of skill in the art would con-
sider equivalent to the recited values, i.e. plus or minus
ten percent. For example, "about 10 cm" refers to 10 cm
+/- 10%, i.e. 9 cm to 11 cm. In the present invention, a
dose refers to the total radiation dose in Gy delivered to
the patient. A dose can be administered in several frac-
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tions.

[0079] As used herein the term "patient" is well-recog-
nized in the art, and refers to a mammal, including dog,
cat, rat, mouse, monkey, pig, and, most preferably, a
human. In some embodiments, the patient is a patientin
need of treatment or a patient suffering from cancer. The
term does not denote a particular age or sex. Thus, adult
and newborn patients, whether male or female, are in-
tended to be covered.

[0080] As used herein the terms "at least up to X"
means a value superior to zero and up to X.

[0081] As used herein, the term "radio wave pulse" re-
fers to the pulse of radio wave used in the linear accel-
erator. The linear accelerator uses radio wave pulses of
microwave power to accelerate a radiation beam from a
radiation source, for instance an electron beam from an
electron source. For instance, these radio wave pulses
are around 250 ns long and can be repeated with repe-
tition rate of 1 kHz, that is with a period of 1 ms, in burst
mode. Preferably, forlong term operation the optimal rep-
etition rate is about 100 Hz. For example, the frequency
of the microwaves is X-band, specifically 12 GHz, but
can also be C (5.7 GHz) or S (3 GHz) band.

[0082] Asused herein, the terms "radiation pulse" refer
to the pulse of particles after the linear accelerator. Each
pulse accelerates at least a train of particles bunches,
for instance electron bunches if the radiation beam is an
electron beam or proton bunches if the radiation beam
is a proton beam. For example, the particles bunches are
about 10 ps long and come every 1 ns, so that there are
250 particles bunches in a 250 ns rfradio wave pulse.
Each particles bunch has a charge of 1 nC giving a total
charge of 2500 nC (before collimation) and an average
current during the pulse of 1 A.

[0083] The embodiments describe herein for the de-
vice also apply to the methods according to the present
invention mutatis mutandis.

[0084] The embodiments describe herein for any one
of the method also apply to the device according to the
present invention mutatis mutandis.

Brief description of the drawings

[0085] Further particular advantages and features of
the invention will become more apparent from the follow-
ing non-limitative description of at least one embodiment
of the invention which will refer to the accompanying
drawings, wherein

- Figures 1 represents a device according to the
present invention according to a first embodiment;

- Figures 2 illustrates a simulation of a FLASH-Ther-
apy with the presentinvention in a patientwith alarge
(10 cm diameter) lung cancer;

10

15

20

25

30

35

40

45

50

55

Detailed description of the invention

[0086] The present detailed description is intended to
illustrate the invention in a non-limitative manner since
any feature of an embodiment may be combined with
any other feature of a different embodiment in an advan-
tageous manner.

[0087] Figures 1 represents a device 1 according to
the present invention according to a first embodiment.
[0088] The device 1 comprises a radiation source 2, a
linear accelerator 2 and a beam delivery module 3. The
device 1 is arranged for delivering a radiation dose to a
target volume 5 of a patient (not shown in figures).
[0089] The radiation source 2 is a high current electron
source, in particular a Radio-frequency laser-driven pho-
to-injector.

[0090] Thelinearaccelerator3isahigh current X-Band
linac. The linac has parameters of eight half meter long
accelerating structures, operating with a beam-loaded
gradient of 35 MV/m. The linac is powered by two 50 MW
peak power X-band klystrons and radio-frequency pulse
compressors.The beam delivery module consists of nor-
mal conducting magnets; one main dipole magnet to de-
flect and separate the different energy beams, dipole
magnets to give the trajectories that enter the patient at
the defined angles and quadrupole magnets to guide the
beam, then control the irradiation spot size of the beam
entering the patient.

[0091] Figure 2 represents simulation of a FLASH-
Therapy with the present invention in a patient with a
large lung cancer. In the present case, a device according
to the present invention was used to simulate a FLASH-
RT treatment in a T4-NO lung cancer patient having a 10
cm large tumor size.

[0092] Due to the proximity of the tumor with critical
organs such as brachial plexus and oesophagus, as
shown in figure 2, this patient could only receive 46 Gy
in 23 fraction in conventional RT, which gave a tumor
biological equivalent dose (BED) of 46 Gy. The simula-
tion of a FLASH treatment using a device according to
the present invention allowed to deliver a single dose of
28 Gy safely. This corresponds to a highly curative BED
of 115 Gy for the tumor. Advantageously, this simulation
integrates a normal tissue sparing factor of 33 % due to
the FLASH conditions.

[0093] While the embodiments have been described
in conjunction with a number of embodiments, itis evident
that many alternatives, modifications and variations
would be or are apparent to those of ordinary skill in the
applicable arts. Accordingly, this disclosure is intended
to embrace all such alternatives, modifications, equiva-
lents and variations that are within the scope of this dis-
closure. This for example particularly the case regarding
the different apparatuses which can be used.

Reference numbers

[0094]
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Device according to a first embodiment
Radiation source

Linear accelerator

Beam delivery module

Claims

1.

Device (1) for ultra-high dose rate radiation treatment
to a patient, the device comprising :

- a radiation source (2) for providing a radiation
beam, and

- a linear accelerator (3) for accelerating said
radiation beam until a predetermined energy,
and

- a beam delivery module (4) for delivering the
accelerated radiation beam from said linear ac-
celerator (3) toward the patient to treat a target
volume with a radiation dose,

characterized in that

the device (1) is arranged for generating an accel-
erated radiation beam having a predetermined en-
ergy between about 30 MeV and about 250 MeV,
preferably between about 50 MeV and about 250
MeV, more preferably between about 120 MeV and
about 150 MeV, to deliver an ultra-high dose rate
radiation dose of at least up to about 25 Gy, prefer-
ably at least up to about 35 Gy, more preferably at
least up to about 40 Gy, during an overall time less
than about 100 ms, preferably less than about 10
ms, more preferably less than about 1 ms,

so that the device (1) is arranged for generating a
radiation field for treating a target volume of at least
about 30 cm3, preferably between about 30 cm3 and
about 1000 cm3 with said ultra-high dose rate radi-
ation dose and/or a target volume located at least
about 5 cm deep in the tissue of the patient, prefer-
ably between about 5 cm and about 25 cm, with said
ultra-high dose rate radiation dose.

Device (1) according to claim 1, wherein said accel-
erated beam is a very high energy electron (VHEE)
beam with a charge of at least about 1000nC, pref-
erably at least about 1500 nC.

Device (1) according to any one of claims 1 or 2,
whereinthelinearaccelerator (3) is arranged forgen-
erated a single accelerated beam comprising multi-
ple trains of particles bunches, preferably two or
three trains of particles bunches, the beam delivery
module (4) comprises separating means for sepa-
rating the single accelerated radiation beam in a plu-
rality of accelerated beam lines separated by a de-
termined angle, and subsequently focusing each of
said beam lines toward the patient to arrive simulta-
neously on the target volume, each beam line cor-
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10.

1.

12.

responding to a few trains of particles bunches

Device (1) according to the preceding claim, wherein
each train have energy which differs from at least
about 10 %, and/or each beam line having an energy
of at least about 30 MeV.

Device (1) according to any one of claims 3 or 4,
wherein the separating means are chosen among
the list comprising energy-based separating means
by using magnetic spectrometer, radio frequency de-
flector based means.

Device (1) according to any one of claims 1 to 5,
wherein the device (1) comprises beam shaping
means for controlling the conformal irradiation of the
beam arriving on the target volume, for instance
shaping means after the linear accelerator.

Device (1) according to any one of claims 1 to 6,
wherein said radiation dose comprises radiation
pulses of accelerated radiation beam, each radiation
pulse comprising at least one particles bunch, the
device (1) being arranged for delivering the ultra-
high-dose rate radiation dose with at least about 2
Gy per radiation pulse, preferably at least about 5
Gy perradiation pulse, more preferably atleast about
10 Gy per radiation pulse, with a dose rate in the
pulse of at least about 108 Gy/sec, and preferably at
least about 107 Gy/sec, preferably with a total
number of pulses below 10, more preferably below 3.

Device (1) according to any one of claims 1 to 7,
wherein the device (1) is arranged for delivering the
dose with a homogeneity of target volume coverage
of at least about 85 %.

Device (1) according to any one of claims 1 to 8,
wherein the radiation source (2) is an electron
source.

Device (1) according to any one of claims 1 to 9,
wherein the radiation source (2) is arranged for de-
livering the radiation dose in sequence of train of
particles bunches with a capability of up to ten trains
of particles bunches of 250 nC each in said overall
time.

Device according to any one of claims 1 to 10, where-
in the radiation source is chosen among a list com-
prising a radio-frequency laser-driven injector, a
thermionic injector.

Device (1) according to any one of claims 1 to 11,
wherein the linear accelerator (3) comprises radio
frequency accelerating structures capable of accel-
erating the radiation beam in the required overall
time.
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14.

15.
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Device (1) according to any one of claims 1 to 12,
wherein the linear accelerator (3) is operating on a
frequency chosen from the list comprising X-band,
C-band or S-band.

Device (1) according to any one of claims 1 to 13,
wherein the device (1) is arranged for carry out scan-
ning of the target volume.

Device (1) according to any one of claims 1 to 14,
wherein the device (1) comprises at least two beam
delivery modules (4), each delivery module being
arranged for treating one patient.
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